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ABSTRACT
We investigated continuum and molecular line emission of four species (CO, HCN,
H13CN, and HCO+) at 0.8 mm in the inner region around η Car, using ALMA archival
observations at a resolution better than 0.2 arcsec. We report the discovery of an
asymmetric extended structure northwest of the star, independent from the continuum
point source. The structure is only traced by continuum and HCO+, and not detected in
the other lines. Kinematics of this structure reveal that the HCO+ gas likely arises from
ejecta expelled in the 1890s eruption. The ejecta is propagating outward within the
cavity produced by the current wind-wind interaction of η Car A and its companion.
Chemical analysis of the ejecta reveals an apparent lack of CO and nitrogen-bearing
species. We explore possible explanations for this peculiar chemistry, that differentiates
this structure from the ejecta of the Great Eruption, rich in HCN and H13CN. We also
report an absorption component near the continuum point source, only traced by HCN
and H13CN in their vibrational-ground and vibrationally-excited states. This absorbing
gas is attributed to a hot bullet of N-enriched material expelled at a projected velocity
of 40 km s−1.
Key words: stars: individual: η Carina – stars: massive – stars: mass-loss – stars:
evolution – ISM: molecules – ISM: abundances
1 INTRODUCTION
Luminous blue variables (LBVs) are evolved massive stars
characterized by remarkable spectrophotometric variability
and heavy mass loss in the form of dense and steady winds
and occasional eruptions. LBVs shed out large amounts of
dust and CNO-enriched material into their surroundings.
The shocks and strong FUV fields produced by LBVs repre-
sent a continuous energy input to the stellar neighbourhood,
eventually altering its structure and composition.
η Car is the archetypal member of the LBV family, and
one of the most luminous sources in the Galaxy (5×106 L).
It is a very eccentric binary system composed by a LBV star
(η Car A) of ∼ 100 M and a hotter, less massive companion
(η Car B) of about 30–40 M (Hillier et al. 2001; Mehner
et al. 2010). η Car is located at 2350±50 pc in the Carina arm
(Smith 2006), with a LSR velocity of −19.7 km s−1 (Smith
2004). Its peculiarity, brightness and closeness represent a
unique chance to witness the last breaths of a high mass
star. Consequently, η Car and its surroundings have been
exhaustively observed during the last decades, becoming one
of the best studied objects in the Galaxy (e.g. Davidson et al.
1995, Smith et al. 2003b, Smith 2008).
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η Car underwent a devastating outburst in the 1840s,
an event nicknamed the Great Eruption that expelled more
than 40 M of processed material (Gomez et al. 2010; Morris
et al. 2017), forming the bipolar Homunculus Nebula (David-
son 1989). This outburst was followed by a second, lesser
eruption in the 1890s that gave birth to a smaller struc-
ture known as the Little Homunculus (Ishibashi et al. 2003).
Around the 1940s, a third abrupt rise in the light curve of η
Car happened, followed by a continuous luminosity increase
which persists until the present days (Ferna´ndez-Laju´s et al.
2009). This peculiar behaviour of the light curve has been
explained as caused by the dissipation of obscuring debris in
the line of sight (Damineli et al. 2019).
The innermost region of η Car is a hostile environment,
subject to strong FUV/X-ray fields (Pittard & Corcoran
2002; Corcoran et al. 2017; Hamaguchi et al. 2018) and peri-
odical shocks governed by the 5.54-year orbital cycle of the
binary (Damineli et al. 2000). In particular, Okazaki et al.
(2008), Gull et al. (2009), Teodoro et al. (2013) and Gull
et al. (2016) studied the complex wind-wind interactions of
η Car A and its companion, revealing multiple structures
surrounding the binary. These structures, detected in for-
bidden emission lines of Fe and N, allowed constraints to
the orbital geometry of the system and the properties of the
stellar winds.
© 2019 The Authors
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Gull et al. (2016) depicts a very complex scenario in
which a number of substructures coexist at different ve-
locity regimes and evolve throughout the orbital cycle de-
pending on the ionization state: (1) a low-density cavity is
carved out when the hot and fast wind of η Car B disrupts
the slower and denser primary wind. This structure may be
linked to the multiple hydrogen radio recombination lines
(RRLs) that were detected towards the NW quadrant of η
Car (Duncan & White 2003; Abraham et al. 2014), which
possibly arise from the ionized gas within the cavity; (2)
multiple arc-like structures, visible in [Fe ii] and [Fe iii], trace
expanding fossil shells of compressed, high-density primary
wind that pile up with each 5.54-year cycle. These structures
are formed due to the passage of η Car B through the mas-
sive primary wind during periastron, when the two stars get
as close as 1.5 au. The shells are particularly prominent in
the far side of η Car. Fainter [Fe ii] arcs and clumps, likely
the remnants of even older cycles, are still visible at larger
distances from the star, moving at velocities comparable to
the terminal velocity of the primary wind, of 420 km s−1
(Groh et al. 2012); and (3), slowly-moving clumps of debris
from the 19th century events dominate the emission in the
near side of η Car, propagating in the direction of apastron.
This matter includes the Weigelt blobs and their associated
extended structures, visible at infrared wavelengths (Ches-
neau et al. 2005).
The Weigelt blobs are close-in ejecta located at ∼0.1–0.3
arcsec of the star, moving at ∼ –40 km s−1 near the orbital
plane (Weigelt & Ebersberger 1986). These clumps are par-
tially ionized and exhibit rapidly varying spectral features
modulated by the orbital cycle (Hartman et al. 2005; Jo-
hansson et al. 2006). The ejection of the blobs took place at
some point between 1880 and 1930 (Weigelt & Kraus 2012).
Gull et al. (2016) argues that the Weigelt blobs are just the
ionized surfaces of a larger neutral structure, like ‘blisters’
in the skin of a cloud of dust and gas, exposed to mid/far ul-
traviolet (MUV/FUV) radiation from the stars. Therefore,
the slowly-moving material that propagates within the wind-
blown cavity was most likely expelled during the 1890s erup-
tion.
A significant fraction of the (sub-)millimetre continuum
flux from η Car corresponds to free-free radiation, whereas
thermal dust dominates the infrared continuum (Cox et al.
1995). A detailed study of the dust content of the Homuncu-
lus combining legacy ISO data with Herschel observations
allowed Morris et al. (2017) to identify a primary source of
thermal radiation in the central 5×7 arcsec around η Car. In
addition, a separate feature at 350 µm that exhibited a cer-
tain level of variability was detected. This second feature was
consistent with a compact source of ∼ 2 arcsec, being also
tentatively linked to the free-free emitting region reported
by Abraham et al. (2014).
Molecular spectroscopy, in combination with the resolv-
ing power of interferometry, could provide a complementary
point of view of the complex central region of η Car. The
study of the formation and survival of molecules and the
evolution of its relative abundances is key to understand the
physical and chemical processes involved in such a harsh en-
vironment. Pioneering research by Rizzo et al. (2001, 2003b,
2008) demonstrated the potential of molecular gas associ-
ated with evolved massive stars as a tool to understand their
evolution and mass-loss history. Molecular hydrogen around
η Car was first detected by Smith (2002), distributed over
the surface of the Homunculus. Later, Smith et al. (2006) re-
ported a tentative detection of NH3 towards the inner region
of the nebula –although Loinard et al. (2016) claims this
detection as arising from the H81β RRL at 23.861 GHz–.
Loinard et al. (2012) carried out the first molecular sur-
vey with APEX, reporting the detection of eight species
–including CO and four N-bearing molecules such as CN,
HCN, and HNC–. Recently, ALMA observations with a res-
olution of about 1 arcsec (Smith et al. 2018) revealed an
expanding torus of CO in the waist of the Homunculus. A
similar structure has been already discovered around the
LBV object MN101 (MGE042.0787+00.5084), possibly in a
more advanced stage (Bordiu et al. 2019).
In this work we present ALMA archival observations
of CO, HCO+, HCN and H13CN towards η Car with an
unprecedented resolution better than 0.2 arcsec. We analyse
the spatial distribution and kinematics of the emission in the
innermost region of the Homunculus, also providing hints on
its chemistry and linking the observed features to the violent
history of η Car.
2 DATA AND OVERALL RESULTS
We make use of ALMA band 7 archival observations from
project 2016.1.00585.S (P.I: G. Pech-Castillo). The source
was observed on 2016 October 24 under excellent weather
conditions –0.57 mm of precipitable water vapour–, with
an integration time of 668 s. A total of 41 12-m anten-
nas were used, providing a maximum baseline of 1.8 km.
Quasars J1107-4449, J1047-6217 and J0538-4405 were used
for flux, phase and bandpass calibration respectively. The
correlator was set to observe four simultaneous spectral win-
dows of 1 GHz each, targeting the rotational lines of CO
J = 3→ 2 (345.795989 GHz), H13CN J = 4→ 3 (345.339769
GHz), HCN J = 4 → 3 (354.505475 GHz) and HCO+
J = 4 → 3 (356.734223 GHz). Visibilities were reduced
following the standard ALMA pipeline with casa v.4.7.0
r38335. The resulting QA2 products included four spectral
cubes and a continuum map, with a characteristic beam of
0.17×0.13 arcsec (P.A. -60◦). The phase centre is shifted by
(−0.′′1,+0.′′15) with respect to the continuum peak, presum-
ably the star.
We adopt the following conventions: (1) intensities are
given in a brightness temperature scale (Tb). The conversion
from flux density to Tb is made through the expression
Tb = 1.22 × 106
Sν
ν2θmajθmin
(1)
with Tb in K, Sν in Jy beam−1, ν the frequency in GHz and
θmaj and θmin the major and minor beam sizes in arcsec; (2)
positions are offsets relative to the J2000 coordinates of the
source;1 and (3) velocities are expressed in the local standard
of rest frame (LSR).
Fig. 1 presents the peak-intensity maps of CO, HCN,
H13CN and HCO+ in a region of 8×8 arcsec around the star.
In CO, HCN and H13CN we distinguish a clumpy C-shaped
1 α = 10h45m03s.5362, δ = −59◦41′04′′.0534 (J2000) (Gaia Collab-
oration 2018).
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Figure 1. Peak-intensity maps of CO J = 3→ 2, HCN J = 4→ 3, H13CN J = 4→ 3 and HCO+ J = 4→ 3 in colour scale. Spectral lines
are indicated in the top right corner. Contours are 30, 50 and 70 K. A close-in view of the central HCO+ emission (the Peanut) is shown
in the inset, with the position of η Car indicated by the red marker. Beam width is shown in the bottom left corner of each panel.
structure that surrounds the binary at an average radius of
∼ 2 arcsec –about 4700 au–. This structure corresponds to
the disrupted torus described by Smith et al. (2018) from
CO J = 2→ 1 observations, who dated it back to the Great
Eruption. The torus traces the bright rims of the so-called
‘butterfly nebula’, a region of efficient dust formation sur-
rounding η Car, clearly visible in mid-IR images (Chesneau
et al. 2005). The clumpiness of the gas in the torus translates
into multiple velocity components in the range (−100,+100)
km s−1.
Contrary to CO, HCN and H13CN –which display a
remarkably similar spatial distribution–, HCO+ tells a very
different story. The torus is still visible as faint spots, but the
most intense emission, with a peak intensity of 77.5± 6.8 K,
arises from a slightly elongated region very close to the star,
roughly 0.6 × 0.4 arcsec. Hereafter we refer to this structure
as ‘the Peanut’ due to its particular shape (see inset).
Continuum emission is only detected at a significant
level (5σ) in the inner ∼ 0.6 arcsec, as shown in Fig. 2. It de-
picts a point-like source –presumably related to η Car– and
an extended component matching the Peanut. We attempted
to isolate the point source emission by fitting it to a single
2D Gaussian. Surprisingly, the point source has an exten-
sion slightly larger than the beam, with a deconvolved size of
0.11×0.11 arcsec (i.e. 260 au). This unresolved region is fairly
smaller than the estimates by Abraham et al. (2014) for the
hydrogen RRL emitting region. The contours in Fig. 2 show
the extended component isolated from the point source. The
peak intensity of the point source is 6.41 ± 0.02 Jy beam−1,
while the integrated fluxes of the point-like and extended
sources are 13.1 ± 0.5 and 17.4 ± 1.1 Jy, respectively. This
flux is remarkably below those quoted by Abraham et al.
(2014) at 225.4 and 291.2 GHz, even when adding up the
point source and the extended component (30.5 Jy). This is
particularly surprising as observations were gathered close
to apastron, when flux is expected to be maximum (White
et al. 2005). However we note that these fluxes correspond
to apertures of about ∼ 1 arcsec2. We do not observe signifi-
cant emission at this scale, but integrating a circular area of
this size yields a flux of 38.9 ± 0.6 Jy, which is in very good
agreement with previous results. This reveals the existence
of a low-intensity plateau at the noise level that surrounds
the resolved structures.
The right panels of Fig. 2 also show the discovery of
CO, HCN and H13CN absorbing the continuum. The CO
absorption is projected onto the whole continuum-emitting
region, with a central velocity of −9 km s−1 and a width
of ∼ 0.6 km s−1. The absorptions of HCN and H13CN are
MNRAS 000, 1–12 (2019)
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Figure 2. Continuum emission and line absorptions at 345.8 GHz. The continuum image (left, colour scale) is composed by a point-like
source and an extended source coincident with the Peanut. Contours are 1.4, 1.6, 1.8, 2.0, and 2.2 Jy beam−1, and correspond to the
resultant image after a point source subtraction. Half power beam width is indicated by the white ellipse at the lower right corner.
Spectra depicted in the right panels are from an average of 0.1 arcsec around the point source. The CO line is at −9 km s−1, while the
HCN and H13CN lines appear at ∼ −60 km s−1 (red vertical marker).
notoriously different: they are point-like, located very close
to the star and centred at −60 km s−1, with widths of ∼
12 km s−1. Strikingly, we also detected the v2 = 1 lines of
HCN and H13CN, as shown in the figure. We analyse the
distribution and excitation of these lines in Sect. 4.
3 THE PEANUT
The Peanut is the most prominent emission feature in the
central region. It is located to the NW of η Car, at a pro-
jected distance of just ∼ 0.1 − 0.2 arcsec (<1000 au) from
the star position. Its projected major axis is aligned in the
NE-SW direction (see Fig. 1). To the best of our knowledge,
this is the very first direct detection of this structure be-
yond infrared; but considering the size uncertainty, it may
well be related to the free-free emitting source inferred by
Morris et al. (2017). The Peanut is significantly closer to η
Car and smaller than the torus; therefore, it is presumably
a younger structure. In principle, its location and shape are
consistent with ejecta expelled in an asymmetric –or ‘one-
sided’– mass ejection. The occurrence of such events in η
Car was first studied by Kiminki et al. (2016), and later
proposed by Smith et al. (2018) as a possible explanation
for the gap in the CO torus.
The Peanut is only visible in HCO+ and continuum,
without any hints of the other observed molecules. Due to
its proximity to η Car, it may be directly exposed to intense
UV radiation. The survival of dust and molecules at such
a short distance of the star requires an efficient shielding
mechanism. The wind fossil structures accumulated during
multiple cycles could protect the central region as discussed
by Morris et al. (2017). In this regard, the Peanut strikingly
resembles the ‘hook’ structure detected towards the NW of
η Car in forbidden emission lines of [Fe ii] and [Fe iii] (see
figure 2 in Gull et al. 2016). The hook exhibits significant
changes during the 5.54-year cycle, depending on the ion-
ization state: it is visible in [Fe ii] across the whole orbit,
but fades away in [Fe iii] during periastron passage, when
most of the FUV radiation of η Car B is blocked by the pri-
mary wind. Provided that the molecular and ionized phases
are co-spatial to some extent, then the Peanut is –at least
partially– shielded by this intervening hook, the irradiation
of the molecular gas is presumably dominated by MUV pho-
tons. However, we must note that survival of HCO+ might
not be strongly affected by the ionization state or the shield-
ing efficiency, since this molecule is almost transparent to
MNRAS 000, 1–12 (2019)
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Figure 3. Velocity field of the HCO+ gas. Left panel: 1st-order
moment map of HCO+ (colour scale), with the integrated in-
tensity superimposed as white contours. Right panel: position-
velocity cut in the direction indicated by the black dashed line
in the left panel. Contours start at 5σ with steps of 3σ. The red
dashed line represents the systemic velocity of η Car.
UV radiation (Koch et al. 1995; van Dishoeck et al. 2006;
Walsh et al. 2012). This point is further discussed in Sect.
5.
We clearly identify three maxima across the Peanut, as
seen in the HCO+ peak intensity map. Two of these maxima
are nearly coincident with the brightest peaks in the hook.
Indeed, Gull et al. (2016) reports that these peaks corre-
spond to the position of Weigelt blobs C and D. This could
imply that the Peanut and the blobs are also related, hence
confirming a common origin in the eruptive events of the
19th century. We note, though, that the Peanut is slightly
closer –in terms of projected distance– to η Car than the
hook and the blobs (shifted towards the SE by about 0.1–
0.15 arcsec from peak to peak). This probably indicates that
the molecular and ionized gas phases are not totally cou-
pled, as we should expect a spatial transition from ionized
to molecular gas (e.g. [Fe iii] → [Fe ii] → HCO+) in the di-
rection of the FUV field.
3.1 Kinematics of the Peanut
Analysis of the kinematics of HCO+ could help to under-
stand the origin of this structure and its complex geometry.
We found serious discrepancies between the motion of the
Peanut and the Weigelt blobs and their associated struc-
tures. Firstly, HCO+ is mostly confined to the velocity range
(−100,+100) km s−1, with the most intense emission arising
from −20 to +70 km s−1. Conversely, the hook is completely
blueshifted with respect to the systemic velocity of η Car
(–19.7 km s−1), extending from −72 to −32 km s−1.2 There-
fore, the HCO+ emission that lies in the velocity range of the
hook is almost marginal. As this velocity mismatch suggests,
a significant part of the molecular gas might be directly ex-
posed to the FUV field of η Car B.
Secondly, it is accepted that Weigelt blobs C and D
are moving close to the system’s orbital plane, which is al-
most coincident with the Homunculus midplane (Davidson
2 The range reported in Gull et al. (2016) is from −60 to −20 km
s−1. For η Car, VLSR = VHel − 12 km s−1 (Smith 2004)
& Humphreys 1997). We find this motion to be also incom-
patible with the kinematics of the HCO+: the gas presents a
clear gradient from the SE (negative velocities) to the NW
(positive velocities), with most of the emission at positive
velocities –and therefore redshifted with respect to the sys-
temic velocity of η Car– (see Fig. 3). This velocity distri-
bution, that in principle is consistent with an asymmetric
eruptive event like the 1890s outburst, does not match the
motion pattern of the Weigelt blobs in the most accepted
orbital geometry (e.g. Okazaki et al. 2008; Teodoro et al.
2016), where periastron occurs on the far side of η Car A and
apastron on the near side. If the Weigelt blobs are escaping
from the star towards the NW (i.e. towards apastron) and
close to the orbital plane, they are necessarily blueshifted,
approaching the observer. Contrarily, the HCO+ gas in this
direction is mostly receding.
In order to solve this puzzle, a more detailed analysis
of the kinematics of the Peanut is required. Fig. 4 presents
intensity maps of HCO+ integrated in velocity bins of 20 km
s−1 over the range (–80,+80) km s−1. Note that contours are
relative to the maximum level of each map to emphasize the
peaks. We identify a set of features evolving from SE to NW
as we advance towards positive velocities. The most intense
emission is concentrated in an irregular bar-like feature in
the range (–20, +40) km s−1, but two fainter substructures
are particularly noteworthy: the two patchy arcs that are
clearly visible in the velocity ranges (–60, –40) and (+40,
+60) km s−1. They are almost symmetrically located with
respect to the bulk emission: the blueshifted arc opening
towards the NW and the redshifted toward the SE. When
taken together, the arcs describe an ellipsoid of 0.6 × 0.4
arcsec with a position-angle of ∼ 30◦ east of north, as seen
in Fig. 5.
All these features may be explained by a clumpy,
roughly conical structure of ejecta from the 1890s outburst.
This ‘cone’, with its opening towards apastron, is expand-
ing within the wind-blown cavity described by the colliding
wind models proposed by Okazaki et al. (2008), Gull et al.
(2009) and Madura et al. (2013) and briefly discussed in
Sect. 1. In this scenario, the Weigelt blobs would be just UV-
illuminated surfaces in this larger structure. Matter within
the cavity would be highly ionized during most of the or-
bital cycle, producing continuum thermal emission (Abra-
ham et al. 2014). The cone would be periodically disrupted
as the dense primary wind (slow, but still ∼ 5 times faster
than the ejecta) flows past during each periastron. Part of
the ejecta may be also driven towards the inner walls of the
cavity, creating a high-density layer where HCO+ may also
arise.
To put all the pieces together we present a simple sketch
model in Fig. 6. The proposed orientation of the cone ex-
plains the observed velocity pattern of HCO+: the SE side
of the cone moves towards the observer (the blueshifted arc)
while the NW side moves away (the redshifted arc). The
‘tangent’ parts of the cone (towards NE and SW) would
move almost in the plane of the sky, explaining the emis-
sion peaks that appear near 0 km s−1. These peaks may be
caused by an accumulation of material in the line of sight to-
wards these regions. The bulk of the bar would correspond
to the densest parts of the structure. This interpretation
is able to reconcile the HCO+ gas with the motion of the
Weigelt blobs and the ionized Fe structures. Fig. 5 shows
MNRAS 000, 1–12 (2019)
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Figure 4. Velocity-integrated intensity maps of HCO+ in colour scale, integrated in bins of 20 km s−1 from -80 to +80 km s−1. All the
maps have the same intensity scale. Contours at 60, 70, 80, 90 and 95% of the peak intensity of each map. The integration range is shown
in the bottom left corner of each panel, and the position of η Car is indicated by the red marker.
Figure 5. Relative position of the Weigelt blobs with respect
to the most prominent features of HCO+. Left panel: Integrated
line intensity of HCO+ from −40 to −20 (blue) and from +20 to
+40 (red) km s−1, as contours, superimposed to the integrated
intensity in the range (-20, 0) km s−1 in colour scale. Right panel:
integrated line intensity of HCO+ from -20 (systemic velocity) to
0 km s−1, as contours and colour scale. The position of η Car and
Weigelt blobs C and D (taken from Gull et al. 2016) is indicated
by the red and green markers, respectively.
the position of blobs C and D with respect to the arcs and
the bar. The arcs approximately enclose the blobs, which
also supports the idea that these structures are moving out-
wards within the cavity created by the colliding winds. The
apparent spatial correlation with the HCO+ peaks is then a
mere projection effect. The blobs may be actually closer to
the apex of the cone and thus directly exposed to a more
intense FUV field.
Figure 6. Sketch of the viewing geometry of the HCO+ emission.
The colours indicate the motion of the gas relative to the observer.
The primary wind sphere, the shock cone, the Weigelt blobs and
the orbital plane are arbitrarily scaled for illustration purposes.
Finally, it is important to note that kinematics of the
molecular gas also provide valuable 3D information about
the eruption. The location of the Peanut with respect to
MNRAS 000, 1–12 (2019)
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the star plus the lack of a counterpart for the slowly-moving
material in the far side of η Car are important evidences
that support the asymmetric outburst hypothesis. But most
importantly, the remarkable radial velocity dispersion of the
HCO+ gas with respect to η Car (of about 80–100 km s−1)
may also indicate a latitudinal distribution in the ejecta –in
contrast to the equatorial nature of the Weigelt blobs–.
It is important to keep in mind, though, that here we
are working at scales comparable to the beam size. To un-
derstand gas motions in such small regions and refine the
interpretations provided in this work, observations at higher
angular resolution are essential. These would provide key in-
sights about the formation and dynamics of molecular gas,
its interplay with the ionized and neutral phases, and (espe-
cially) its dependency on the orbital phase.
4 LINE ABSORPTIONS
In this section we present a more detailed description of
the absorbing gas, whose overall distribution is depicted in
Fig. 7. The three top panels show the distribution in a 4× 4
arcsec field in false colour; the bottom panels show a zoom
in the inner arcsec, with the line absorption as contours su-
perimposed to the continuum. The figure does not include
the distribution of the absorbing H13CN, which is basically
identical to the main isotopologue at both vibrational levels
(v = 0 and v2 = 1).
Absorbing CO distribution mimics the whole continuum
emission, including both the hot star and the Peanut. It is
probably a foreground interstellar cloud located somewhere
in the foreground of η Car. Its velocity (−9 km s−1) lies
halfway between the corresponding velocities of a local cloud
(0 km s−1) and the Carina arm (−20/−25 km s−1); its line
width (0.6 km s−1) is typically found in cold clouds. Never
the less, this cloud may be related to the dissipating dusty
clump proposed by Damineli et al. (2019) to explain the
brightening of the central source, that would act as a ‘natural
coronograph’.
Contrarily, HCN and H13CN absorptions are concen-
trated in a very compact and unresolved region. Its centre
is close, but not coincident with the hot star. The projected
distance to the star is around 0.08 arcsec (180 au), which is
smaller than the angular resolution but clearly significant af-
ter looking the CO absorption at the very centre of the point
source. Velocity (−60 km s−1) and line widths (10−12 km s−1)
are similar to those measured in emission in the torus and
the Peanut. All these observational findings are consistent
with a bullet-like cloud being expelled from η Car at a pro-
jected velocity of 40 km s−1. It is finally noteworthy the
lack of emission or absorption of the other molecules, which
indicates that this hot bullet is likely very N-enriched.
The H13CN and HCN lines have similar intensities. This
translates, as we develop in Sect. 5, to a very low 12C/13C
ratio. However, the most striking result is the detection of
the vibrationally excited lines with intensities slightly be-
low half of those corresponding to the v = 0 lines. HCN and
H13CN v2 = 1 excited states correspond to a double degener-
ate bending mode with an energy of 729.7 cm−1 (≈ 1050K).
It is virtually impossible to populate such energy level exclu-
sively by collisions, and the most probable mechanism is the
infrared radiative pumping by the absorption of photons at
≈ 14µm (Bruderer et al. 2015). The strong infrared contin-
uum of eta Carina ensures the availability of huge amounts
of photons for such pumping.
These and other vibrationally excited lines with com-
parable energy levels have been observed in other astro-
physical environments, such as carbon stars (Izumiura et al.
1987; Bieging 2001), hot cores (Esplugues et al. 2013; Pagani
et al. 2017), or ultraluminous infrared galaxies (Imanishi &
Nakanishi 2013; Imanishi et al. 2016). In all those cases, how-
ever, the intensity of the vibrationally excited lines remains
as a small fraction of the ground level lines. Therefore, the
bullet is being shocked and accelerated by a copious amount
of infrared photons, in a particularly harsh environment.
5 COLUMN DENSITIES AND RELATIVE
ABUNDANCES
5.1 Column densities
We estimated the column densities of the observed species in
different positions, as depicted in Fig. 8: the torus –positions
A and B–, the clump at (0.′′4,−0.′′65) –position C–, the
Peanut and the absorbing bullet. For the emission lines we
assumed that the gas is in local thermodynamic equilibrium
(LTE), the emission is optically thin and that radiative exci-
tation dominates over collisions due to the strong radiation
field of η Car. If gas and dust are thermally coupled, gas tem-
perature may be approximated by the dust temperature. We
took the equation by Smith et al. (2003a):
Tdust(K) ≈ 13100 × D(au)−
1
2 (2)
where Tdust is the black-body equilibrium temperature of a
dust grain at a distance D of the source. Translating an-
gular separation into real distances is almost immediate for
the torus after correcting for the inclination (the polar axis
of the Homunculus is tilted by 49◦, Smith 2006). We derive
temperatures ranging from 170 to 190 K. For the Peanut,
on the contrary, obtaining a proper distance estimate is not
straightforward. We note that the maximum at (0′′, 0.′′25)
corresponds to emission present across the whole velocity
range (see Fig. 4). This allows us to approximate the real
distance by the projected distance. The resulting tempera-
ture, of about 500 K, is an upper limit, as we are considering
the material that is closest to the star.
For the absorbing bullet, we fully solved the transfer
equation with LTE as the only assumption. Considering the
proximity to η Car, we cannot neglect the excitation term
like in the case of absorptions of cold clouds (Liszt & Lucas
2001; Ando et al. 2016; Liszt & Gerin 2018). The continuum
and excitation temperatures result to be 3390 and 500 K,
respectively. The four lines are optically thin, with opacities
from 0.01 to 0.025. Table 1 summarizes the resulting column
densities and the most relevant abundance ratios. We note
that our column densities are consistently lower than those
reported by Loinard et al. (2012) by a factor of 3–5. While
this may obey to beam filling issues, our estimates are more
in line with the column densities derived by Morris et al.
(2017) from large beam CO J = 5→ 4 to 9→ 8 observations
of the Homunculus.
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Figure 7. Spatial distribution of the absorptions towards η Car. Top panels: intensity maps of CO, HCN v = 0 and HCN v2 = 1 in
colour scale, integrated in the velocity range (−67, −49) km s−1 for a region of 4×4 arcsec. Note that the emission in the top left corner
of the CO and HCN v2 = 1 panels corresponds to CO and HCN v = 0 emission arising from the torus. Bottom panels: close-in view of
the central arcsec for the corresponding lines in the top panels. Integrated intensity as white contours, superimposed to the continuum
emission in colour scale.
5.2 Abundances in the torus
Some molecular abundances vary drastically among differ-
ent positions. The torus presents [HCO+]/[CO] ratios of
∼ 10−4, comparable to those measured around other massive
evolved stars, like the Wolf-Rayet nebula NGC2359 (Rizzo
et al. 2003a). Similar ratios are also found in the Orion Bar
photodissociation region (Young Owl et al. 2000) and some
molecular clouds, such as TMC-1 (Pratap et al. 1997).
On the contrary, we found significantly altered
[HCN]/[CO] relative abundances, with values of a few ∼
10−3. These are almost 100 times larger than the ratios mea-
sured in TMC-1 and NGC2359 and just slightly above those
of the Orion Bar PDR, but still much lower than in am-
bients where the grain chemistry dominates (Shalabiea &
Greenberg 1996). The highest ratios are measured towards
the clump and the absorbing bullet, which suggests that
these two features may be of similar nature. Interestingly,
the [H13CN]/[CO] ratio reaches comparable values in all the
studied positions.
These high relative abundances of nitrogen-bearing
molecules with respect to CO are a typical hint of N-rich
gas. The N-enrichment of the Homunculus is a widely stud-
ied topic: by means of UV and optical spectroscopy, David-
son et al. (1986) demonstrated a N-enrichment factor of 10
with respect to solar abundances; Dufour et al. (1997) and
Verner et al. (2005) found evidence of heavy C and O deple-
tion, a sign of intensive CNO processing. Still, we are not in a
position to report N-enrichment in absolute terms as we lack
information about H2 in these specific regions (just overall
estimates for the Homunculus). But regardless of the abso-
lute N abundance, the [HCN]/[H13CN] ratio is a good proxy
to confirm that the torus is made of CNO-processed mat-
ter (since 13C is another intermediate product of the CNO
cycle). In every position, we measure [HCN]/[H13CN] ratios
close to unity. This value is exceptional and holds for the
vibrationally-excited lines as well. It indicates an extremely
low [12C]/[13C] isotopic ratio, even for a massive star (typ-
ically in the range 3 − 10, e.g. Lambert et al. 1984, Bordiu
et al. 2019).
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Figure 8. Hints of chemical differentiation in the innermost region of the Homunculus. Left panel: line intensity maps of HCO+ (blue)
and HCN (red) in the velocity range (–100, +80) km s−1. The inset shows a close-in view of the Peanut, superimposed to the continuum
image (grey scale). Black crosses indicate the positions of the spectra shown to the right. Right panel: HCO+ (blue) and HCN (red)
spatially averaged spectra in the corresponding positions of the left panel.
5.3 Hints of chemical differentiation
The situation in the Peanut is completely different, as Fig. 1
suggested. Towards this region, none of the molecules except
HCO+ is detected. Therefore, we constrained the column
densities of CO, HCN and H13CN taking the 3σ level as the
line intensity upper limit. In this case, this approach tends
to favour these column densities since the maps are noisier
towards the continuum emitting region, but we still obtain
limits notably below the values measured in the torus. On
the other hand, the column density of HCO+ is remark-
ably enhanced, reaching ∼ 1016 cm−2. Consequently, the
[HCO+]/[CO] and [HCO+]/[HCN] ratios increase by a factor
of up to 125.
The non-detection of CO, HCN and H13CN in the
Peanut implies that the gas in this region is chemically dif-
ferent from the ejecta of the Great Eruption –i.e. the torus–.
Indeed, Chesneau et al. (2005) compared the composition of
the dust in the Weigelt region and other parts of the butter-
fly nebula, finding significant differences. Since the ejecta
from the 1840s and 1890s eruptions are likely similar in
terms of initial CNO abundances, the observed differences
may obey to the extreme physical conditions to which the
Peanut is exposed.
In dense clouds, one of the principal formation routes
of gas-phase HCN is
CH2 + N→ HCN + H (3)
a neutral-neutral reaction much slower than the ion-molecule
reaction that produces HCO+ (Boger & Sternberg 2005).
While reaction rates may explain the dominance of HCO+
in the Peanut, by no means it is enough to explain the appar-
ent lack of N-bearing species. Provided that N is abundant to
a certain degree –as expected in CNO-processed material–
the non-detection of neither HCN nor H13CN may be the
consequence of an aggressive photochemistry. We know that
the structures traced by [Fe ii] and [Fe iii] protect –at least
partially– the Peanut, blocking the most energetic FUV ra-
diation. Because of that, the Peanut is primarily exposed to
a substantial flux of MUV photons with wavelengths larger
than 1800 A˚. HCO+ formation and destruction does not
directly involve any photochemical route, so this molecule
is relatively immune to these photons. On the other hand,
HCN is rapidly photodissociated through
HCN + ν → CN + H (4)
producing CN, which in turn is less vulnerable to photodis-
sociation (requiring photons with λ < 1100 A˚, van Dishoeck
et al. 2006). If photodissociation is the prevailing destruction
mechanism of HCN and H13CN in the Peanut, CN should
be abundant in this region. In fact, CN was already detected
towards η Car in single-dish observations by Loinard et al.
(2012), but higher angular resolution is needed to confirm
its origin.
Still, the non-detection of CO is challenging and hard
to explain, especially when taking into account the high col-
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umn density of HCO+. The dominant formation pathway of
HCO+ in the ISM is the proton transfer reaction
H+3 + CO→ HCO+ + H2 (5)
(e.g. J. Illies et al. 1982, Liszt et al. 2004), which requires a
substantial amount of CO to be efficient. Likewise, HCO+ is
mainly destroyed by dissociative recombination through
HCO+ + e− → CO + H (6)
as long as the electron density is high enough (Yan et al.
2000). This reaction should increase the total CO abun-
dance. The detection of hydrogen RRL emission towards the
Peanut somehow supports this mechanism, as the resulting
H atoms would be quickly ionized. For that reason, the ap-
parent lack of CO in the Peanut is particularly shocking.
However, alternative formation routes of HCO+ that do not
require CO cannot be ruled out. Then CO may be simply
forming at a much slower rate than HCO+, which would
explain its non-detection considering the short time-scales
involved (∼ 100 years). In any case, the development of new
chemical models is key to understand the chemical evolution
of the inner ejecta of η Car.
5.4 Mass estimates
Determining the masses of the observed molecular structures
is not straightforward, since all the abundances refer to CO.
It is then fundamental to know the true [CO]/[H2] ratio to
translate these results into masses. Ferland et al. (2005) and
Smith et al. (2006) provided an average H2 column density
through the walls of the Homunculus of around 1022 cm−2.
Loinard et al. (2012) adopted this value to derive a relative
abundance of CO of 2.2 × 10−4 for the whole Homunculus.
In principle, we could use this CO abundance, but it
may lead to unreliable results, as we are dealing with re-
solved, clumpy structures, for which the actual H2 column
density may be higher. For the torus, a standard [CO]/[H2]
abundance of 10−4 yields a mass of 0.07±0.02 M. This value
seems exceedingly low considering that around 10–20% of
the Homunculus mass may reside in its equatorial plane
(Smith et al. 2003a). Smith et al. (2018) constrained the
mass of the torus to 0.2–1 M exploring a range of possible
abundances. In view of our results, we conclude that CO
should be underabundant by a factor of 8–40 in order to be
compatible with such mass range. This agrees, again, with
the results by Morris et al. (2017), who reports [CO]/[H2]
abundances 10–20 times below cosmic levels.
In the Peanut, the usual approach of determining the
H2 mass from CO is not possible due to the non-detection
of the latter. HCO+ is the only available H2 tracer, but its
relative abundance is also uncertain. HCO+ is found in many
astrophysical environments, with abundances ranging from
10−7 to 10−10 (see e.g. Bergin & Langer 1997, Gibb & Little
2000, Tafoya et al. 2007). Thus, we could express the mass
of the Peanut as a function of the HCO+ abundance, XHCO+ ,
by taking a reference value of 10−8 (typically measured in
oxygen-rich envelopes, Pulliam et al. 2011):
M = (0.8 ± 0.3) × XHCO+
10−8
M (7)
Even adopting conservative abundances, such as the
value proposed by Loinard et al. (2012) of 5.7 × 10−8, this
expression yields masses at least comparable to the mass of
ionized gas ejected during the 1890s eruption, which accord-
ing to Ishibashi et al. (2003) lies in the range 0.1-1 M. None
the less, we note that all these estimates must be regarded
with caution.
6 CONCLUDING REMARKS
We analyze ALMA archival observations of continuum, CO,
HCN, H13CN and HCO+ of the inner 8 arcsec of the Ho-
munculus around η Car. The unprecedented resolution of
these data allowed us to discover some key ingredients re-
lated to the recent mass-loss history of the source and pro-
vide complementary insights into the complex wind-wind
interactions. The key findings in this work are summarised
below:
(i) We reported the detection of the HCN, H13CN and
HCO+ counterparts of the equatorial torus around η Car
described by Smith et al. (2018) from CO J = 2→ 1 obser-
vations. In addition, the CO J = 3→ 2 map presented here
improves resolution by a factor of ∼5, confirming the clumpy
nature of this structure.
(ii) We reported the detection of an extended, asymmetric
structure in the inner arcsec, the Peanut, located NW of the
star and only visible in continuum and HCO+.
(iii) We studied the morphology and kinematics of the
Peanut in the context of previously known fossil wind struc-
tures and ejecta from the 19th century eruptions. We found
several velocity features that allowed us to identify the
Peanut as a roughly conical structure of ejecta expanding
outwards within the cavity blown-out by the current wind
interactions. The ejecta, rich in dust and gas, encompasses
the Weigelt blobs, which may be partially ionized surfaces
of the structure, exposed to intense MUV/FUV fields. This
scenario is consistent with the current knowledge of the inner
ejecta of η Car and existing SPH models.
(iv) We found a strong absorption feature almost coin-
cident with the star, only visible in HCN and H13CN. We
also stress the detection of the corresponding vibrationally-
excited states of these lines, with unusually high relative
intensities. The high temperatures required to excite these
states prove that the absorbing gas is close to the photo-
sphere rather than part of a foreground cloud (i.e. the ob-
scuring debris proposed by Damineli et al. 2019 to explain
the light curve.)
(v) We analysed the chemistry of the torus and the
Peanut, finding remarkably different molecular abundances.
We also compared the results with other astrophysical envi-
ronments. The abundance of N-bearing species with respect
to CO and the extremely low [HCN]/[H13CN] ratios mea-
sured in the torus are consistent with CNO processed mat-
ter. Contrarily, the Peanut is very bright in HCO+ but it is
not detected in any of the other lines. The non-detection of
CO, the most ubiquitous molecule after H2, is exceptionally
intriguing, as it is generally involved in the formation and
destruction of HCO+.
All of these findings uncover a complex and challenging
scenario. The Peanut is an environment subject to violent
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Table 1. Column densities and abundance ratios of CO, HCN, H13CN and HCO+ in the regions depicted in Fig. 2.
Pos. T Vlo,Vup N(CO) N(HCN) N(H
13CN) N(HCO+) [HCO
+]
[CO]
[HCN]
[CO]
[HCO+]
[HCN]
[HCN]
[H13CN]
(K) (km s−1) (1018 cm−2) (1015 cm−2) (1015 cm−2) (1014 cm−2) (10−4) (10−3)
Tor. A 190 (–35, +0) 0.73 ± 0.01 1.13 ± 0.08 1.14 ± 0.04 1.48 ± 0.14 2.0 1.6 0.13 0.99
Tor. B 170 (–90, +20) 1.23 ± 0.03 1.72 ± 0.14 1.82 ± 0.10 4.24 ± 0.75 3.5 1.4 0.25 0.94
Tor. C 350 (-20, +70) 0.68 ± 0.07 3.54 ± 0.11 2.68 ± 0.10 < 4.6 < 6.8 5.2 < 0.12 1.32
Peanut 500 (–66, +81) < 0.56 < 0.81 < 0.87 141.6 ± 4.4 > 250 ... > 18 ...
Absorp 500 (–67, –49) < 0.28 0.62±0.06 0.70±0.05 < 3.4 ... > 2.2 < 0.55 0.89
In position Absorp, N(HCN) and N(H13CN) consider the vibrational-ground (v = 0) and vibrationally-excited (v2 = 1) states.
changes, where very energetic processes act upon the prod-
ucts of the CNO cycle in very short time scales. Under these
extreme conditions, the constituents of molecular gas are ex-
posed to intense UV fields and may have no time to reach
chemical equilibrium. This would explain the non-detection
of HCN and H13CN towards this region. However, if further
surveys confirm that the Peanut is indeed deficient in N-
bearing species, other alternative scenarios may come into
play: for instance, the Peanut may be ejecta from η Car B.
Molecular spectroscopy has proven to be a valuable tool,
providing a new, complementary approach to the physics,
chemistry, and evolution of η Car and its surroundings. Mon-
itoring of the chemical evolution of the Peanut, together with
a revision of stellar evolution models, is of paramount im-
portance to explain the measured abundances. Moreover,
observations at different orbital phases will be key to under-
stand the dynamical evolution and excitation mechanisms of
the observed ejecta structures. Finally, extending the obser-
vations to other molecules and transitions with the highest
resolution possible will allow to constrain the physical con-
ditions of the gas and complete the chemical puzzle of η
Car.
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